Introduction {#Sec1}
============

Conventional exchange bias (CEB) effect is a magnetic phenomenon observed by a shift along the magnetization and magnetic field axis in the magnetic hysteresis loop when the material is cooled in a magnetic field (*H*)^[@CR1],\ [@CR2]^. Initially, the CEB effect has been observed in a system composed of antiferromagnetic (AFM) and ferromagnetic (FM) constituents where the Curie temperature of the FM substance is greater than that of the Neel temperature corresponding to the AFM substance. The uncompensated AFM spins at the interface due to the coupling of FM spins adjacent to AFM spins, gives rise to the unidirectional anisotropy causes the displacement of the magnetic hysteresis loop. Later, CEB effect has been also noticed in various combinations between FM, AFM, canted AFM, ferrimagnetic (FIM), and spin glass (SG) magnetic components^[@CR3]--[@CR6]^.

On the contrary to the CEB appeared due to the field-cooling process, the spontaneous exchange bias (SEB) has been observed in certain magnetic systems without the assistance of static *H* cooling. As there is no requirement of external *H* for generating the unidirectional anisotropy, the SEB effect will have greater applications in the electric field controlled exchange bias (EB) devices. Recently, this unusual zero-field-cooled (ZFC) EB or large SEB has been observed in a few systems; BiFeO~3~-Bi~2~Fe~4~O~9~ nanocomposite, NiMnIn~13~, Mn~2~PtGa, La~1.5~Sr~0.5~MnCoO~6~, and Co~0.75~Cu~0.25~Cr~2~O~4~ polycrystalline samples^[@CR7]--[@CR12]^. The presence of multiple phases in these materials could be the reason for the observation of spontaneous unidirectional anisotropy. For instance, the formation of SG phase at the interface of multiferroic BiFeO~3~-Bi~2~Fe~4~O~9~ nanocomposite was found to be responsible to the observation of SEB effect; however the CEB field value was found to be much larger than the SEB field value^[@CR7]^. In case of Mn~2~PtGa, the SEB field value, where the effect developed due to FM clusters embedded in FIM ordered matrix, was interestingly similar to its CEB value^[@CR8]^. However, the origin of this effect is still under debate and varies from system to system. To further understand the SEB behavior, a few more new materials exhibiting SEB effect need to be explored. Moreover, a few unique magnetic materials only exhibit this effect with large value of SEB field and especially rare in case of single bulk material. In this publication, we report the magnetic properties of a new *S* = 1 spin system Pb~6~Ni~9~(TeO~6~)~5~ which exhibits a transition at 25 K with weak ferromagnetic (WFM) behavior. Interestingly, a large value of coercive field about 1.32 T and SEB field of about 0.19 T at 2 K are observed when the sample is cooled under ZFC condition. The value of such high SEB is rare, especially in single bulk material without any external doping. There is no previous report of magnetic and dielectric behavior of this interesting compound.

Results and Discussion {#Sec2}
======================

The compound has been characterized by XRD analysis (shown in Fig. [1(a)](#Fig1){ref-type="fig"}, a more clear view of this figure is shown in Supplementary Information). We have performed the Rietveld refinement analysis to check the phase purity of the sample^[@CR13]^. The compound forms in desired structure (space group P6~3~22)^[@CR14]^, we did not find any impurity phase within the resolution of the instrument. The lattice parameters estimated are about *a* = *b* = 10.288(5) Å, and *c* = 13.533(5) Å, and *α* = *β* = 90°, *γ* = 120°, which nearly agree with the reported^[@CR14]^ values of *a* = *b* = 10.2579(10) Å, and *c* = 13.554(5) Å. The obtained residual parameters from the Rietveld refinement are *R*~p~ ≈ 24.3%, *R*~wp~ ≈ 22.3%, *R*~*exp*~ ≈ 8.55%, and χ^2^ ≈ 6.83, respectively. These values are slightly bigger compared to the reported values of the single crystal data, which could be due to site-exchange between Ni and Te atoms. In addition, there are not much differences between our values of bond-lengths and bond-angles to those of earlier reported values. The obtained atomic positions of different atoms of this compound are mentioned in Table [SI](#MOESM1){ref-type="media"} in Supplementary Information.Figure 1(**a**) Rietveld refinement on the XRD of the powder samples. (**b**) Crystal structure of Pb~6~Ni~9~(TeO~6~)~5~. (**c**) The distorted NiO~6~ (*4f*, *6h*, and *2b*) and TeO~6~ (*4f* and *6h*) octahedral environments in the structure. (**d**), (**e**) and (**f**) show the honeycomb-like layer in *ab*-plane filled with Ni^2+^ ions. The layer is formed by four Ni^2+^ ions (Ni1, Ni2, Ni3, and Ni4) and these ions are interacted with each other through O^2−^ ions.

The crystal structure is depicted in Fig. [1(b)](#Fig1){ref-type="fig"}. The compound forms in hexagonal structure which comprises NiO~6~, TeO~6~ octahedral units and Pb atoms. The Ni atoms in the *ab*-plane form a honeycomb-like lattice (see Fig. [1 (d--f)](#Fig1){ref-type="fig"}). These layers are not very well separated due to which the feature might not attribute to 2D magnetism, unlike to the perfect *S* = 1 honeycomb magnetic material BaNi~2~V~2~O~8~^[@CR15]^. The bond-angles of Ni-O-Ni in the *z* = 0.25 layer (which indeed forms a 1/6^th^ depleted Honeycomb layer), built by *6 h* and *2b* sites of Ni atoms, are in the range of 90°--92° (see Table [SII](#MOESM1){ref-type="media"} in Supplementary Information). According to Goodenough predictions^[@CR16]^, the magnetic coupling favors ferromagnetic (FM)-type. On the other hand, the bond-angle between the Ni atoms in *z* = 0.25 layer and Ni1 atom *via* O3 is about 122.2°, which usually allow AFM interactions^[@CR16]^. In addition, these honeycomb-like layers (1/6^th^ depleted honeycomb layer with additional triangular-like interactions, see Fig. [1(e)](#Fig1){ref-type="fig"}) might allow the competition between AFM and FM couplings which might lead to the unusual magnetism.

The dc-magnetic susceptibility χ (=*M*/*H*) is measured as a function of *T* in *H* of 0.5 T (see Fig. [2](#Fig2){ref-type="fig"}). At high-*T*, the data follow the Curie-Weiss behavior. Inverse-χ(*T*) is fitted to (*T* − θ~CW~)/C and the obtained effective magnetic moment of Ni^2+^ is 3.18 *μ*~B~, consistent with the value obtained from other Ni-based magnets^[@CR17]^. The Curie-Weiss temperature (θ~CW~) is obtained to be −30 K, suggesting that the dominant magnetic couplings are of AFM at high-*T*. At low-*T*, there is a sudden upturn seen at 25 K (≈*T*~N~) with a change in the slope at about 20 K. There is a clear bifurcation between the ZFC and FC data, probably due to the appearance of anisotropic field. The dielectric constant ε′(*T*) is measured in the frequency range 1--100 kHz. The dielectric features does not show any frequency dependent behavior, therefore one frequency data is only shown in the inset of Fig. [2](#Fig2){ref-type="fig"}. ε′(T) falls steeply from high-*T* and shows an upturn below 100 K, followed by a clear feature below *T*~N~, indicating the presence of magnetodielectric (MDE) coupling (the cross-coupling between spin and lattice). We have not observed any significant changes of this dielectric feature under application of *H*, which could be due to weak MDE coupling. The feature at high *T* (upturn below 100 K) may arise due to the presence of AFM couplings (short-range correlation above ordering). Similar upturn in the *ε*′(*T*) has also been observed in many multiferroic and/or magneto-electric oxides due to magnetic correlations^[@CR18]--[@CR20]^. Though, we did not observe any signature of ferroelectricity by pyoelectric measurement within the resolution limit of our instrument.Figure 2χ(*T*) measured in 0.5 T. The solid line is a fit to 1/χ data, while the dashed line represents the extrapolation. Inset shows the ε′(*T*) measured at frequency 5 kHz and 0 T.

The χ(*T*) is plotted for different fields 0.002 T, 2 T, 5 T, and 15 T (see Fig. [3(a--d)](#Fig3){ref-type="fig"}). At low-fields, the bifurcation of ZFC and FC data is large. The bifurcation reduces with increasing *H*. A cusp like behavior is seen at *H* above 2 T indicating that the system is that of AFM-type assisted with some weak ferromagnetic moments. Moreover, the bifurcation of ZFC and FC disappears at 15 T (see Fig. [3(d)](#Fig3){ref-type="fig"}), which assures that the magnetic field of 15 T saturated the weak ferromagnetic moment or uncompensated moment. Further, the *ac*-magnetic susceptibility (χ~ac~(*T*)) is performed at frequencies of 11 Hz and 111 Hz. The real part of χ~ac~ (χ′~ac~(*T*) shows a peak at 25 K (see Fig. [3(a)](#Fig3){ref-type="fig"}) and there is no frequency dependent behavior seen across the transition, suggesting the absence of glassy nature of magnetic moments; no feature is observed in imaginary part of *ac*-susceptibility (χ″~ac~(*T*)) which confirms this conclusion. The observed results from the magnetic susceptibility studies suggest that Pb~6~Ni~9~(TeO~6~)~5~ exhibits a WFM behavior, which is possibly due to the presence of Dzyaloshinskii--Moriya (DM) anisotropic interactions presented in this magnetic material^[@CR21]^.Figure 3ZFC and FC χ(*T*) at different fields. Open symbols indicate the ZFC data, while the filled circles indicate field cooled (FC) data. The inset of (**a**) shows the plot of χ′~ac~(*T*) at the frequencies of 11 Hz and 111 Hz.

The isothermal magnetization *M(H)* are measured at 2 K in different ZFC and FC conditions (see Fig. [4(a)](#Fig4){ref-type="fig"}). In order to get a major loop, the data was collected until the maximum *H* of 16 T, which is higher than the anisotropic field; this is an essential condition to confirm the intrinsic exchange bias present in this compound. At 2 K, the data show a typical WFM behavior. The derivative of *M* with respect to *H*, *i.e*., d*M*/d*H* versus *H* plot is shown in Fig. [4(b)](#Fig4){ref-type="fig"}. It can be clearly seen in Fig. [4(a) and (b)](#Fig4){ref-type="fig"} that the bifurcation between the data of *H*-increasing and *H*-decreasing disappears above 13 T, indicating that our *M*(*H*) measured until 16 T is a major loop^[@CR22]^. In addition, a change in the slope is observed at 15 T, indicating the spin-flop transition. Interestingly, even under ZFC condition, it shows a highly asymmetric loop with a clear shift in *M* and *H*-axis: a typical behavior of an exchange bias (EB) (see inset (i) of Fig. [4(a)](#Fig4){ref-type="fig"}). The values of coercive fields at positive-*H* and negative-*H* axis are found to be *H*~c+~ ≈ +1.13 T and *H*~c−~ ≈ −1.51 T, respectively. Large value of coercive *H*~c~ = (*H*~c+~ − *H*~c−~)/2 ≈ 1.32 T is observed in this WFM system. The value of ZFC EB or SEB field at 2 K is estimated to be about \|*H*~EB~\| = \|−(*H*~c+~  + *H*~c−~)/2\| ≈ 0.19 T. The EB along *M*-axis (*M*~EB~) is also observed and the value is found to be about 0.03 *μ*~B~/Ni^2+^.Figure 4(**a**) ZFC *M*(*H*) at 2 K. Inset (i) shows the zoomed part of ZFC data at 2 K. Inset (ii) shows ZFC and +16 T FC *M*(*H*) at 2 K. (**b**) plots d*M*/d*H* vs. *H*. Inset of (**b**) shows the *M*(*H*) plots obtained after cooling in *H* of +16 T and −16 T.

Recently, similar kind of SEB has been observed in a few magnetic materials, however, such a high value of SEB is rare^[@CR8]--[@CR10],\ [@CR12],\ [@CR23],\ [@CR24]^, specially in a single bulk material without any external doping. Similar large value of SEB has been reported in a few doped bulk materials only (La~1.5~Sr~0.5~CoMnO~6~, Sm~1.5~Ca~0.5~CoMnO~6~, specific doped Heusler Alloy system like Mn--Pt--Ga or Ni--Mn--Ga)^[@CR10],\ [@CR12],\ [@CR23],\ [@CR24]^.

We also measured *M*(*H*) loop at 2 K after 16 T FC and −16 T FC conditions. As shown in the inset (ii) of Fig. [4(a)](#Fig4){ref-type="fig"}, a shift between ZFC and 16 T FC *M*(*H*) is observed, claiming the appearance of conventional exchange bias (CEB) in this material. The value of \|*H*~EB~\| is increased to 0.24 T for the data measured under +16 T FC condition. In addition, there is also a clear shift between the *M*(*H*) isotherms after +16 T FC and −16 T FC conditions, respectively (see inset of Fig. [4(b)](#Fig4){ref-type="fig"}). Therefore, the observation of asymmetric nature in the ZFC *M*(*H*) and the further enhancement of this effect in FC *M*(*H*) data is unambiguously proof that the presence of EB or unidirectional anisotropy in the prepared sample.

To further understand this effect, we have measured *M*(*H*) at different temperatures after cooling the sample under ZFC and 16 T FC conditions. As *T* increases, the values of both SEB and CEB fields (\|*H*~EB~\|) and magnetization (\|*M*~EB~\|) decrease (see Fig. [5(a) and (b)](#Fig5){ref-type="fig"}). As shown in the inset of Fig. [5(a)](#Fig5){ref-type="fig"}, the value of *H*~C~ increases to 1.5 T at 5 K, which is comparable with the permanent magnets 2.13 T for Nd~2~Fe~14~B, 0.6 T for SmCo~5~ at room temperature^[@CR25]^, and 2.7 T for organic-based Mn-chain magnet at 2 K^[@CR26]^. The value of *H*~c~ further decreases with increasing *T*.Figure 5(**a**) and (**b**). The values of \|*H*~EB~\| and \|*M*~EB~\| vs. *T*. Inset of (**a**) plots *H*~c~ vs. *T*.

The complex magnetism usually comes from a different variety of magnetic interactions present (isotropic and anisotropic) and the competition between them. From the structural point of view, Pb~6~Ni~9~(TeO~6~)~5~ has a honeycomb-like layers with bond-angles of Ni-O-Ni in the range varying from 90° to 120°, which favors both FM and AFM couplings, which is also evidenced in χ(*T*). The observation of WFM behavior suggests the presence of DM anisotropic interactions^[@CR21]^. It has been also theoretically predicted that the importance of DM anisotropic interactions in attributing EB^[@CR27]^.

On the other hand, Pb~6~Co~9~(TeO~6~)~5~ exhibit an identical crystal structure to that of present system Pb~6~Ni~9~(TeO~6~)~5~^[@CR28]^. Similar to Pb~6~Ni~9~(TeO~6~)~5~, the compound Pb~6~Co~9~(TeO~6~)~5~ also exhibit AFM correlations with θcw ≈ −35   at high-*T* and WFM behavior below its transition at 25 K as shown in the χ(*T*) plot (see Fig. [6(a)](#Fig6){ref-type="fig"}). *M*(*H*) plot at 3 K evidence the WFM behavior (see Fig. [6(b)](#Fig6){ref-type="fig"}). However, it does not exhibit any EB under ZFC and FC conditions. The variation in the magnetic property of Co-magnet might be due to the larger size of Co^2+^ (88 pm) compared to that of Te^6+^ (70 pm) in the octahedral environments, which usually does not allow the site-exchange. Since the difference in the ionic sizes of Ni^2+^ and Te^6+^ (82 pm and 70 pm) is relatively small, we thus consider the possibility of a little site-exchange between Ni^2+^ and Te^6+^ ions in Pb~6~Ni~9~(TeO~6~)~5~. This anti-site disorder might induces a microstructural magnetic phase, which is embedded with the WFM host.Figure 6(**a**) χ(*T*) measured at 0.05 T on the polycrystalline samples of Pb~6~Co~9~(TeO~6~)~5~. Inset shows the magnetic transitions at low-*T*. (**b**) *M*(*H*) at 3 K after ZFC and −9 T FC.

The unusual, large EB behavior in the compound Pb~6~Ni~9~(TeO~6~)~5~ can be understood as follows. The conventional exchange bias (CEB) usually appears due to the coupling of two sub-lattices or phases when the system is cooled under magnetic field. During this process, the pinning occurs at the interface and causes the unidirectional anisotropy. In this study, we gave a scenario that the pinning effect appeared even in the absence of magnetic field cooling and hence caused the spontaneous exchange bias. The coupling of microstructural phase (secondary phase due to anti-site disorder) and WFM host (which usually comes from anisotropic DM interactions) might have induced unidirectional anisotropy spontaneously in the sample. Recently, it has been also reported that the anti-site disorder developed the FM clusters/microstructure in La~1.5~Sr~0.5~CoMnO~6~^[@CR29]^ and Mn~2~PtGa^[@CR9],\ [@CR23]^ materials. The exchange anisotropic coupling of the embedded secondary phase with the host has caused the SEB. Hence, we believe that the SEB in Pb~6~Ni~9~(TeO~6~)~5~ could be due to the coupling between WFM host and the embedded microstructure. However, the detailed measurements on high-resolution synchrotron, neutron diffraction and electron-spin-resonance spectroscopy would help in confirming the local site-exchange and also understanding the nature of anisotropic couplings.

Conclusion {#Sec3}
==========

In conclusion, we have observed a large value of SEB field of 0.19 T and coercive field of 1.32 T at 2 K in the sample Pb~6~Ni~9~(TeO~6~)~5~. Such high value of SEB (without application of external *H*) in a single material is rare, specifically, without any external doping. This EB value is enhanced further to 0.24 T when the sample is cooled under 16 T. The coupling between the WFM host and the microstructure that probably arises from a small percentage of site-exchange of Te^6+^ and Ni^2+^ ions might play a role in having such a large SEB and/or unidirectional anisotropy in this magnetic system. It is worthwhile to explore more about this WFM system through both experimental and theoretical point of view for designing the future materials with large values of EB at room temperature.

Methods {#Sec4}
=======

The compounds were synthesized in solid-state-reaction method. The high purity (\>99.95%) chemicals of PbO, NiO or Co~3~O~4~, and TeO~2~ were mixed in stoichiometric ratio, ground thoroughly and fired at 600 °C, 700 °C, 750 °C, and 820 °C, respectively. Each firing was carried out for 12 hours with several intermediate grinding. X-ray diffraction (XRD) was performed in the 2θ range from 8° to 90° using Rigaku X-ray diffractometer. Temperature (*T*) and magnetic field (*H*) dependent magnetization (*M*) were carried out in the *T* range 2--350 K and up to ± 16 T magnetic field using vibrating sample magnetometer (VSM, Quantum Design). The large magnetic fields are purposefully applied for this material to satisfy the major *M*(*H*) loop condition and the presence of exchange bias in this material, according the ref.\[[@CR22]\]. Dielectric constant (*ε*) measurement were performed using LCR meter (4980 A, Agilent) which is integrated to Physical Properties Measurement System (PPMS, Quantum Design) to control *T* and *H*.
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